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ABSTRACT 

We present a multi-wavelength study of the radio source G296. 7-0.9. This source has 
a bilateral radio morphology, a radio spectral index of —0.5 ± 0.1, sparse patches 
of linear polarisation, and thermal X-rays with a bright arc near the radio boundary. 
Considering these characteristics, we conclude that G296. 7-0.9 is a supernova remnant 
(SNR). The age and morphology of the SNR in the context of its environment suggest 
that the source is co-located with an H II region, and that portions of the shock front 
have broken out into a lower density medium. We see no evidence for a neutron star 
or pulsar wind nebula associated with SNR G296. 7-0.9. 

Key words: ISM: supernova remnants (G296.7-0.9), radio continuum: general 



1 INTRODUCTION 

Supernovae (SNe) and t heir remnants ar e signi fi cant drivers 
of galactic evolution (|Tammann et al.l Il994l : iFitzpatrickl 
I2004J : iNomoto et alJl2006h . The details of the explosion and 
properties of the local environment combine to determine 
the morphology of a supernova remnant (SNR). Developing 
a more general understanding of SN explosions, the evolu- 
tion of the subsequent shocks, and the effect on their galaxy 
requires a statistically significant sample of objects for which 
the explosive and environmental effects have been decou- 
pled. 

Here we present one such case study: a multi- wavelength 
analysis of the SNR candidate G296.7-0.9 and its envi- 
ronment. This source was initially classified as Hn region 
G296. 593-0. 975 based upon its association with radio re- 
combination lines and an apparently thermal spectrum 
(lManchesterlll969l : ICaswell fe Havned[l987l : iKuchar fc Clarkl 
Il997l . and refere nces therein). How ever, the ROSAT all- 
sky X-ray survey (Vog es et ali ri999^> detected emission from 
this source, which prompted the suggestion that it might 
be part of a superno v a remnant centred at G296. 7-0.9 
(jSchaudel et al.ll2002al lbl: iGamarova et alJl2002h . 

In section [21 we present an analysis of archival radio, in- 
frared, optical, and X-ray data of G296.7-0.9, which confirm 
it as a SNR. We discuss the source's environment, proper- 
ties, and morphology in section [3] 



2 OBSERVATIONS AND RESULTS 
2.1 Radio 

2.1.1 Australia Telescope Compact Array 

The Australia Telescope Compact Array (ATCA) is a radio 
interferometer consisting of six antennas, each 22 m in di- 
ameter, located near Narrabri, New South Wales, Australia. 
Five of these antennas are usually on a 3 km east- west track. 
To provide a maximum possible baseline of 6 km, a sixth an- 
tenna is fixed to a pad at a distance of 3 km from the end 
of the 3 km east- west track. 

We extracted ATCA data from the Australia Telescope 
Online Archiv43f° r observations of G296.7-0.9 made on 2001 
Sep 1 and 2002 Jan 10. These are continuum observations 
with data collected at a central frequency of 1384 MHz in 
each of the 6B (2001 Sep) and 750A (2002 Jan) array con- 
figurations. Both observations include twelve 8 MHz, full- 
polarisation channels around the central frequency. The pri- 
mary beam size is roughly 33 arcmin (FWHP)Q Flux cal- 
ibration was performed relative to PKS B 1934-638, which 
has a flux density of 14.94 ± 0.1 Jy at 1384 MHz. Phase 
calibration and polarisation leakage were determined twice 
per hour by observations of PKS B 1148-671. 

The MIRIAD package^ was used in all stages of ATCA 
data reduction. To form an image, we used data from both 
the 750A and 6B configurations, but excluded baselines with 



2 http : //www. atnf . csiro . au/observers/docs/ ca_obs_guide/ ca_obs_guide .pdf 
E-mail: WrobbinS@physicS.USyd.edu.au 3 http://www.atnf.csiro.au/computing/software/miriad 
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u-v distances larger than 4 kA. This upper- limit on u-v dis- 
tance was chosen to eliminate gaps in u-v coverage and 
provide the best signal to noise ratio. The image shown in 
Figs. [Q; a) and^b) is a 1384 MHz image of G296. 7-0.9, cre- 
ated using uniform weighting and a maximum entropy de- 
convolution method. This image has not been corrected for 
the attenuation of the primary beam away from the phase 
centre. The resolution is 45 x 33 arcsec 2 and the noise level, 
a, is 0.46 mJybeam -1 . The labels in Fig. [TJa) are the only 
features that distinguish it from Fig. [TJb). 

The following features are labelled in Fig.[T]Ja). G296.7- 
0.9 has two high surface brightness limbs that are split by 
an axis oriented 140 =b 20 deg east of north. Emission along 
this axis is markedly reduced, save for three narrow elon- 
gated structures (NESs) that appear to connect the east and 
west limbs. There is a bulge-like enhancement of emission 
( "bulge" ) in the western limb with a peak surface brightness 
at about 1.5 times the peak in the eastern limb. Using the 3a 
level of Fig. [Hb) to define the outer boundary of the source, 
it is clear that there are two low surface brightness arms 
which extend from the eastern lobe to the north and the 
southeast, plus a plateau of emission extending southwest 
from the western lobe. Two depressions of surface bright- 
ness exist between the western limb and plateau and are 
roughly bounded by the 10cr level. 

We define the source centre as the average of the mid- 
points of circles fit to the major and minor axes of G296.7- 
0.9, at a 2 ooo = ll:55:34.69, feooo = -63:06:42. We define a 
reduced diameter in terms of the length of the major and 
minor axes, ^/major x minor = 11 ± 2 arcmin. (The large 
fractional error is related to the uncertainty in fitting a cir- 
cle to the irregular boundary of the source.) After correcting 
for the attenuation of the primary beam, the flux density of 
G296.7-0.9 is 2.5 ± 0.2 Jy at 1.4 GHz. 

There are several unrelated sources in the field; 
these are numerically labelled in Fig. [TJa). Source '1' is 
the p l anetary nebula candidate G296.8-0.9 (|Parker et al.l 



2006 : ICohen et al.1 120071 : iRamos-Larios fe Phillipsl ^OOS: 



Kwok et al.1 l2008h and is located southeast of G296. 7-0.9, 



near a second unresolved source labelled '2'. A diffuse patch 
of radio emission with a bright central core (possibly a back- 
ground source) is labelled '3'. 



2.1.2 Molonglo Observatory Synthesis Telescope 

The second e poch Molonglo Gal actic Plane Survey 
(MGPS-2; iMurphv et "all 12007 ) was conducted at a fre- 
quency of 843 MHz over the southern Galactic plane us- 
ing the Molonglo Observatory Synthesis Telescope (MOST). 
The images have a resolution of 43 x 43 esc \ 5\ arcsec 2 and a 
sensitivity level of ^ 1 mJy beam -1 . Because of its lower fre- 
quency and continuous baseline coverage from 13 to 1600 m, 
synthesis images from MOST are sensitive to larger angular 
scales than the ATCA data. We acquired an image of the 
field including G296.7-0.9 from the MGPS-2 archivfl 

The morphology of G296. 7-0.9 at 843 MHz is very 
similar to the 1.4GHz images presented in Figs. [T]Ja) and 
HJb). For this reason, we have chosen a saturated scale for 
Fig-EHc), a cutout from the MGPS-2 of the G296.7-0.9 field, 



^ http : / / www . phy s i c s . usyd . edu . au/ s if a/Main/MGPS2 



in order to highlight that the 'arms' and 'plateau' are sim- 
ilar in the ATCA and MOST images. The resolution of 
Fig. [TJc) is 43 x 49 arcsec 2 , the peak surface brightness 
is 42.6 mJybeam -1 , and the noise level is 1.6 mJybeam -1 . 



2.1.3 Radio Spectral Index 

We have used the images in Figs. H^b) (ATCA) and [TJc) 
(MGPS-2) to determine a spectral index for G296. 7-0.9. The 
six dishes of the ATCA sparsely sample the u-v plane, so the 
images presented in Figs.[TJb) and[TJc) necessarily measure 
flux at a different range of spatial scales. Thus, a direct com- 
parison of fluxes from the two images could yield a spectral 
index which has too little flux at high frequencies. 

We have resampled the MGPS-2 image using the 
less complete u-v spacings of the ATCA data (cf. 
iGaensler Wa llace 2003). This has been accomplished by 
creating a sky model of the source as seen by MOST, then 
sampling this sky model with the composite 750A-6B syn- 
thesised ATCA beam. Thereby, we have introduced the 
ATCA u-v sampling to the brightness distribution as mea- 
sured in the MGPS-2. 

To look for spatial variations in the spectral 

index, we have use d spectral index tomography 

(|Katz-Stone fe Rudnickl Il997h . which assumes the flux 
is a power-law in frequency, S^ oc v a . Given two images, 
i and j, which are well-spaced in frequency, we iterated 
through possible values of spectral index and made an 
image of the residual, R = Ii — Ij (vi/vi) a . The residual 
vanishes when a is equivalent to the spectral index of 
emission, so sections of the map with different spectral 
indices are readily identifiable. 

Fig. [2] displays six residual images for spectral index 
choices of -0.2 to -0.7. We find that well-detected portions of 
G296.7-0.9 have a uniform spectral index of a — —0.5 ±0.1. 



2.1.4 Polarisation 

To mitigate bandwidth depolarisation, we have formed sepa- 
rate linear polarisation images for each of the twelve ATCA 
channels, L = ^Q 2 + U 2 — ?7 2 , where the 77-term corrects 
the Ricean bias that results from rectifying Gaussian noise 
in the Q- and U-images. 

A polarisation detection image (rj=0) is shown in Fig. 
[3] We observe several marginally polarised pockets of emis- 
sion, largely around the edges of the source, which are po- 
larised at approxim ately 5% of total intensity. Using rotation 
measu re synthesis ([Burnll 19661 : iBrentiens &: de Bruvn| [2005: 
lHeaIdll2009h , we find rotation measures for these patches 
of between +10 and +260 rad m -2 , with an average of 
+ 155 ± 53 (statistical) ± 27 (systematic) rad m -2 . 



2.2 X-ray 

2.2.1 ROSAT 

A pair of redundant Position Sensitive Proportional Coun- 
ters (PSPCs) were mounted on the X-ray Telescope launched 
on the Roentgen Satellite (ROSAT). These detectors were 
used to condu ct an all-sky sur vey in the 0.1 to 2.4 keV en- 
ergy range (|Voges et alJ ll999). The resulting data have a 
20 arcsec on-axis spatial resolution and energy resolution 
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Figure 1. Radio images of G296.7-0.9. Panels (a) and (b) are identical 1.4 GHz ATCA images, apart from the labels in panel (a). The 
scale is given in Jy beam -1 and the 45 x 33 arcsec 2 synthesised beam is represented by the open ellipse shown in the bottom left of both 
panels. In panel (a), sources unrelated to G296.7-0. 9 are labelled with numbers, and the pointing centre and 4.4 arcmin beam size of the 
radio recombination line measurement reported by Caswell Sz Havned (|1987T ) are represented by a white '+'. The contour is the 3cr level 
of the image, 1.38 mJybeam -1 . Pan el (c) is a 843 MHz MOST image of G296.7-0.9 with a 43 x 49 arcsec 2 synthesised beam, illustrated 
by the open ellipse in the lower left ({Murphy et al.ll2007r ). The saturated Jy beam -1 scale has been chosen to highlight the low surface 
brightness 'arms' and 'plateau.' 
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Figure 2. Radio spectral index tomography images of G296.7-0.9. These images are the residual of total intensity, R = Is43 — 
^1384 (^843/^1384 )°S between the 843 and 1384 MHz images presented in Fig. [TJ for an assumed spectral index of a. The spectral 
index for each residual image is labelled in the upper-right corner of each panel and the wedge is given in Jy beam -1 . 
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Figure 3. Linear polarisation detection image of G296. 7-0.9 at 
1.4GHz. This image is the error- weighted average of the Ricean- 
biased (?7=0) images of linear polarisation (L = \J Q 2 + U 2 — ij 2 ) 
from the 12 ATCA channels. The contours are the 3 and 10a 
radio contours of Fig. [TJb). The source labelled '4' is unrelated. 
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Figure 4. Combined 9.0 ks ROSAT PSPC image of G296. 7-0.9 in 
the 0.1 - 2.4 keV energy range. The image has been smoothed to 
the resolution of the 1.4 GHz image in Fig.[TJb) and overlaid with 
its 3, 5, 10, 30, and 50cr contours. The units are counts beam -1 . 
Two unrelated X-ray sources are numbered '5' and '6'. 



of 0.41 keV at 1 keV, which degrades as the square-root of 
energy. 

G296.7-0.9 was observed twice with a PSPC detector, 
once on 1993 Feb 1-4 and again on 1998 Feb 19-21, for 4.5 
and 4.7 ks, respectively. We retrieved data for these observa- 
tions from the W3Browse servic <B Fig. H is a cutout image 
from the composite ROSAT PSPC dataset that has been 
smoothed to the resolution of Fig. [IJb) ; the contours are 
the 3, 5, 10, 30, and 50a contours of the radio emission in 

Fig. mo. 

There is a bright X-ray arc in the southeast of G296.7- 
0.9 that bounds low levels of diffuse X-ray emission through- 
out the eastern half of the source. Except for two unrelated 
sources marked '5' and '6' in Fig.[4j the X-ray emission from 
G296.7-0.9 is roughly bounded by the 10cr radio contour. 

We used the FTOOLS available in the Standard Hera 
servic^l (HERA) to combine event files and prepare spec- 
tra. An ancillary response file, which contains calibration 
information for the effective area and quantum efficiency 
of the PSPC detectors as a function of energy, was cre- 
ated using the pcarf FTOOL. The redistribution matrix 
file, pspcb_gain2_256.rmf, which allows for the conversion 
of spectral channels to energy bins for on- and off-axis ob- 
servations taken after 1991 Oct 14, was obtained from the 
ROSAT FTP arecQ. 

We have extracted a source spectrum from a circular 
region of Fig.[4]with a radius of 5 arcmin, centred at a2ooo = 
11:55:46, £2000= -63:05:41. The background spectrum was 
taken from an annulus with an inner radius of 5 arcmin and 
an outer radius of 20 arcmin, concentric to the source region. 

The spectra were grouped with a minimum of 20 pho- 
tons per energy bin a nd spectral fitt ing was performed with 
version 11 of XSPEC dArnaudlll996h . Bad spectral channels 



http : //heasarc . gsf c . nasa . gov/W3Browse 
http : / /heasarc . gsf c . nasa . gov/her a 

ftp : / /legacy . gsf c . nasa . gov/ caldb/ data/ rosat /pspc/ cpf /matrices 



were ignored during fitting, as was the lowest energy bin 
because the higher than expected number of counts in this 
channel shift the peak of our fits toward unrealistically low 
energies. 

We have fit the following simple models, which are de- 
scribed in detail in the XSPEC manuajfl Assuming solar ion 
abundances and photoelectric absorption along the line-of- 
sight, we have fit the bremsstrahlung, MEKAL, Raymond- 
Smith, non-equilibrium ionisation (NEI), and power- law 
models to our data. 

The fit statistics, parameters, and fluxes for these mod- 
els are presented in Table [T] For all models, the \ 2 an d num- 
ber of degrees of freedom (DOF) are given as a quotient and 
the integrated column density of absorbing particles is given 
in the nH column. Thermal models include a parameter for 
the X-ray temperature (kT) in units of energy, whereas the 
power-law model's photon index is represented by the di- 
mensionless Y parameter in the temperature column. The 
NEI model includes a parameter that quantifies the equili- 
bration timescale, r, as the product of the electron density 
and time to reach ionisation equilibrium; that is, for a fixed 
r, an increase in electron density results in quicker thermal- 
isation. 

Based upon the reduced-x 2 of our fits, we conclude that 
the dominant mechanism in our source region is thermal. 
Though our data does not allow us to favour any one model, 
an absorbed MEKAL model is formally the best-fit. The 
MEKAL model approximates the combined bremsstrahlung 
continuum and numerous recombination lines of multiply- 
ionised elements that are expected from a hot, optically-thin 
plasma in thermal equilibrium. 

Note that because of the low number of counts, we were 
not able to fit a spectrum to the bright X-ray arc in the 
southeast of G296.7-0.9 without including the low level emis- 
sion throughout the rest of the eastern lobe. 



http : / /heasarc . gsf c . nasa . gov/docs/xanadu/xspec/manual/XspecModels . html 
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Table 1. ROSAT emission from G296.7-0.9: emission models, fit statistics, parameters with la errors, and 0.5 - 2.4 keV fluxes 



Model 


XVDOF 


kT 


nH 


r 


Absorbed Flux 


Unabsorbed Flux 




(eV) 


(10 21 cm" 2 ) 


(cm -3 s _1 ) 


(10 -12 ergs 


s _1 cm -2 ) 


MEKAL 


58.6/67 




5.3±0.6 




-2 


-100 


Raymond-Smith 


59.6/67 


116+J 


4 7 +o.9 

-0.6 




-2 


-70 


Non-Equilibrium Ionisation 


59.3/66 


20Q +200 
ZUU -100 


o+l 
6 -2 


2±\ X 10 10 


-2 


-30 


Bremsstrahlung 


66.0/67 




4 7+0.8 

4 - '-0.7 




-2 


-40 


Power- Law 


102.7/67 


r _ 9 +0.4 
1 — y -0.4 


6.6±0.4 




-2 


-100 



2.3 Infrared 

2.3.1 Spitzer Space Telescope 

The Galactic Legac y Infrared Mid-plane Su rvey Extraordi- 
naire (GLIMPSE; Ichurchwell et all l20Q9h was conducted 
with the Infrared Array Camera aboard the Spitzer Space 
Telescope (SST). Data were taken from each of four chan- 
nels with central wavelengths of 3.6, 4.5, 5.8, and 8.0 /im 
and each has a resolution of 1.2 arcsec. Images from all four 
bands were obtained from the NASA/IPAC Infrared Science 
Archival. 

The GLIMPSE 8 /im image is displayed in Figs. [S^a) 
and^b). The contours in Fig.(5^b) are arbitrarily chosen X- 
ray levels of 4.95, 6.75, 9.0, 13.5 counts beam -1 from Fig. [4) 
whereas Fig. EI a) has the 3, 5, 10, 30, 50a levels of Fig.[T{b). 
Most of the 8/xm sources are unresolved, but are apparent in 
each of the GLIMPSE bands and are not detected in radio 
or X-rays. The 5.6 and 8 /im image additionally show high 
surface brightness filaments which are not identifiable at 3.6 
and 4.5 /im. These filaments are most apparent at 8 /im, 
where their surface brightness is > 20 MJy sr -1 . These are 
labelled in Fig.[5jb). 

No area in the field is completely devoid of 8 /im emis- 
sion. The lowest surface brightness emission (~ 10 MJy sr -1 ) 
exists between the filaments and east of a2ooo = 11:56: 10, 
overlapping the southeastern arm, and in a second region 
that includes the plateau. Moderate levels 15 MJy sr -1 ) 
of emission cover the largest fraction of the field, north and 
west of G296.7-0.9. Both filaments cross some portion of the 
radio boundary of G296.7-0.9 and the southernmost trail 
extends past t he northweste rn edge of G296.7-0.9. 

Following I Reach et al.l (|2006h , we normalise images 
from each GLIMPSE band to the surface brightness of the 
8 /im image and find typical values for the filaments of 
0.05, 0.07, 0.3 and 1 for central wavelengths of 3.6, 4.5, 5.8, 
and 8 /im, respectively. These values are consistent with ex- 
pected contributions of polycyclic aro matic hydrocarbons 
(PAHs) (se e fig. 1 of iReach et " aDl2006h . We have used the 
method of ICohen et al.l (|2007T ). essentially comparing the 
GLIMPSE 4.5, 5.8, and 8 /im bands, to examine the spa- 
tial distribution of PAHs. The strongest PAH emission oc- 
curs at a2ooo = H:54:46 and a2ooo = H:54:35, which are also 
the highest 8 /im surface brightness features in the field. We 
conclude that the filaments are dominated by PAHs in the 
GLIMPSE wavebands. 

There may be some morphological correspondence be- 



tween the radio and infrared features. Fig. \6\ is a difference 
image intended to isolate the strong 8 /im features from 
the infrared continuum. It was formed by subtracting the 
3.6 /tm GLIMPSE image (not shown) from the 8 /im image 
(Figs. (5]J a) and[Hb)). The portion of the plateau region la- 
belled 'Z' in Fig. (5]Ja) is displayed in Fig. [6] The 3 and 5cr 
1.4 GHz radio contours appear to be roughly outlined by 
the 8 /im emission along an arc which we have highlighted 
with arrows in Fig. \6\ 



2.3.2 Wide-Field Infrared Survey Explorer 

The Wide-F i eld Infrared Survey Explorer (WISE; 
IWright et all l2010h satellite has completed observa- 
tions of the first 23,600 deg 2 of an all-sky survey. The 
satellite collects images in four infrared channels centred at 
3.4, 4.6, 12, and 22 /tm. These channels, respectively, have 
angular resolutions of 6.1, 6.4, 6.5, and 12 arcsec. We ob- 
tained images from all four channels from the NASA/IPAC 
Infrared Science ArchivJ^l. 

It is not a straightforward to convert from the 'data 
unit' amplitude of the WISE preliminary relea se images 
to a surface brightness scale ( Wrig ht" et alj |2010). For the 
purpose of comparing the morphology of features between 
GLIMPSE and WISE images, we treat the WISE images 
as if they have an approximately linear, arbitrary surface 
brightness scale. After accounting for the lower resolution, 
the 12 /im WISE image shown in Fig. [JJc) has essentially 
the same features as the 8 /im image in Figs. and[5]Jb). 
Surprisingly, the 22 /im WISE image (Fig.[5{d)) shows that 
the filaments persist at longe r wavelengths where emission 
from PAHs is not expected (|Tielend [2008. and references 
therein). Fig. E^d) also highlights the several arcmin neb- 
ula which overlaps the southern filament, where strong PAH 
emission exhibits several sharp changes in direction. 

The filaments appear to be dominated by PAHs in 3.6 to 
8 /im regime. We consider the persistence of these features 
at 22 /xm in section [3] The nebula identified at 22 /im is 
coincident with the radio bulge of G296.7-0.9, the strongest 
PAH emission, and the locations of several previous radio 
measurements ([Manchester] Il969l : ICaswell &; Havne"sl Il987l : 
iKuchar &; Clarklll997 , and references therein). 
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Figure 5. Infrared images of G296.7-0.9. (a) GLIMPSE 8 urn image with 3, 5, 10, 30, and 50a levels of 1.4 GHz emission from Fig.[T{b). 
The scale is in units of MJy sr — 1 and the resolution is 1.2 arcsec. The region labelled 'Z' identifies the southwest portion of the plateau 
shown in Fig. [6] and ' Y' is the portion of the western lobe displayed in Fig. [8] (b) GLIMPSE 8 fim image where the contours are the 
4.95, 6.75, 9.0, 13.5 counts beam -1 levels from the X-ray image in Fig. 0] The resolution of the image is 1.2 arcsec, the scale is in units 
of MJy sr _1 and the 'filaments' labelled in this figure are the > 20 MJy sr _1 features referred to in the text, (c) WISE 12 am image 
where the levels are the 3, 5, 10, 30, and 50<t c ontou rs of 1.4 GHz emission from Fig. ^b). The resolution is 6.5 arcsec and scale is in 
'data number' units described bv I Wright et al.l (|2010h . (d) WISE 22 jum image w here the levels are th e 3, 5, 10, 30, and 50cr contours of 
1.4 GHz emission from Fig. ^b). The scale is in 'data number' units described in I Wright et al ] (l2010h and the resolution is 12 arcsec. 



2.4 Ha 

2.4-1 United Kingdom Schmidt Telescope 

The SuperCOSMOS Ha Survey (SHS; IParker et alJl20Q5h 
used the United Kingdom Schmidt Telescope of the Anglo- 
Australian Observatory to observe nearly 4000 deg 2 of the 
Galactic plane in the Ha line and with an adjacent con- 
tinuum filter. These images have an angular resolution ~ 1 
arcsec. We have obtained the Ha and continuum images of 
G296. 7-0.9 from the data archiveEE 

To isolate the Ha spectral line, we have divided the 
Ha image by its associated continuum image. The resulting 
quotient image, smoothed to a resolution of 10 arcsec, is 
shown in Fig. [71 Ha emission is coincident with most of the 
extent of G296.7-0.9 and extends well beyond the 1.4 GHz 



http: //www-wf au. roe . ac .uk/sss/halpha 



boundary to the south of the source (Russeil 1997). There is 
also a low surface brightness band of emission that enters the 
field from the eastern edge of the image, passes through the 
southeastern arm, and exits the field in the north. There is 
a sharp falloff of Ha near the northwestern radio boundary. 

Fig.[8]is a difference image between the 8 /xm and 3.6 /im 
images with contours of Ha intensity from Fig. The image 
is centred on the region labelled 'Y' in Figs.^a) and The 
three arbitrary contours have a similar radius of curvature. 
If these accurately represent the Ha emission in the region, 
the Ha and the bright 8 /im emission may have a similar 
morphology over several arcminutes. 



3 DISCUSSION 

A single strong shock with negligible cosmic ray pressure 
propagating through a magnetised medium is expected to 
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Figure 6. Continuum-subtracted 8/xm GLIMPSE image of the 
region labled 'Z' in Fig|5{a). This image was formed by subtract- 
ing the 3.6 /im image (not shown) from the 8 /im image in order 
to isolate the strong 8 /im features. The scale is MJy sr _1 and 
the resolution is 1.2 arcsec. The contours are the 3, 5, 10, 30, 
and 50cr levels from Fig[TJb) and the ellipse at the lower left is 
the resolution of these contours. The arrows highlight a region 
in which the 8 /im and radio emission may share morphological 
similarity. 



emit linearly polarised radio synchrotron radiation with 
a power- law spectral index of a=-0.5. The emission from 
G296.7-0.9 is observed to be linearly polarised in sparse 
patches up to about 5% of the total intensity, whereas 
SNRs are typical l y polarised in the 10-20% range (e.g., 
iDickel et all Il99ll : iRevnolds fe Moffettl Il993h . Since shock 
acceleration is the only known mechanism for diffuse linearly 
polarised synchrotron emission, any level of diffuse linear 
polarisation identifies a region of shock- accelerated charged 
particles. The soft thermal X-rays coincident with the east- 
ern lobe of the bilateral source and the particularly bright 
X-ray arc along the southern rim are suggestive of shock 
heating of swept-up ISM or hot ejecta. Given the spectral 
index, the linearly polarised shell-like radio morphology and 
soft thermal X-rays, G296. 7-0.9 is clearly a SNR. 

Several open questions can be addressed with the data 
presented here. We further discuss the the remnant's envi- 
ronment, age and properties, and its morphology. 



3.1 Environment 

The SST spectra and image presented in fig. 1 of [Rh o et al. 
(|2Q1 lh show that the sharply bounded southern portion of 
SNR N132D is lined by significant amounts of dust, identi- 
fied by strong emission in the longer wavelength SST bands. 
The relative intensity of filaments to point-like sources at 
12 /xm (Fig. EJc)), where PAH out -of-plane ben ding modes 
are expected to radiate strongly (|Tielendl2008l and refer- 
ences therein) support the conclusion that the filaments are 
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Figure 7. Smoothed Ra image of G296.7-0.9 from the SHS. This 
image was formed by taking the ratio of the Ha image to the 
adjacent continuum, then smoothing to a resolution of 10 arcsec. 
The overlaid contours are the 3, 5, 10, 30, and 50cr radio contours 
of Fig. [TJb). Note the reversal of the grayscale transfer function 
compared to Figs. UI6l The region labelled 'Y' is shown in Fig. [8] 
Note that the line passing from £2000 = —63 : 16 : 15 through the 
3cr radio contour is an image artefact. 




RA (J2000) 

Figure 8. Continuum-subtracted 8 /im GLIMPSE image of 'Y' 
region in Figs.[5{a) and [7] This image was formed by subtracting 
the 3.6 /xm image (not shown) from the 8 /im image in order to 
isolate the strong 8 /im features. The scale is MJy sr _1 and the 
resolution is 1.2 arcsec. The Ha: contours are arbitrary levels of 
Fig. [7] which have a resolution of 10 arcsec. 
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PAHs. However, PAHs should not substantially contribute 
to the 22 /im image (Fig. EJd)), where the filaments are still 
visible. If the 22 /im WISE data can be us ed as a stand-in fo r 
SST observations above 20 /im as used bv lRho et al.l (|201ll ). 
Fig. [5fd) suggests that the infrared filaments may contain 
some cool dust or thermal gas in addition to PAHs. More- 
over, this would suggest that the 22 /im nebula coincident 
with strong PAH emission in western limb of SNR G296.7- 
0.9 is dominated either by cool dust or thermal emission. 

The single-dish Parkes telescope is sensitive to much 
larger scales than the ATCA and MOST and averages all 
emission in its ~ arcminute field-of-view. Given the co- 
location of the pointing centre of the Parkes thermal spec- 
trum - the white '+' in Fig.[TJa), radio recombination lines, 
22 /xm nebula, diffuse Ha emission, and surrounding PAHs, 
it seems very likely that the Hll region G296. 593-0. 975 of 
ICaswell fe Havned (| 19871 ) and SNR G296. 7-0.9 are separate 
sour ces, but proximally l ocated , if not interacting. 

ICaswell fe Havnesl (|l987T ) measure a velocity for 
G296.593-0.975 of +25 km/s, relative to the local stan- 
dard of rest. Using relevant rot ation curves ( Bra nd &; Blitz 
Il993l : iMcClure-Griffiths fe Dickevl 120071 ) . R =8.5 kpc, and 
Bo=220 km s _1 , the Hn region has a distance of 9 =b 2 
kpc. In subsequent calculations, we assume a distance of 
9dg kpc to SNR G296.7-0.9 as well, where cfo is a scaling 
factor. The linear dimensions for SNR G296.7-0.9 are then 
- 37d 9 x 22d 9 pc 2 . 

3.2 Age &; Properties 

We do not observe a steep spectral index, excessive lin- 
ear polarisation, or other indications that SN R G296.7-0.9 
has reached the radia tive stage of evolution (jGreenl [l988: 
Sutherland et al . 2003, and references therein). 

For a lower age limit, we assume the remnant was re- 
cently expanding freely. Core-collapse supernovae generally 
produce higher shock velocities than the thermonuclear va- 
riety, so we use the typical i nitial core-colla pse shock break- 
out velocity of - 5000 km/s (|Revnoldsll2008h to place a lower 
bound of ~ (2.8 =b 0.6)cfo kyrs on the age of the remnant. 

The Sedov- Taylor limit provides an upper bound on the 
age. Assuming that the X-ray emitting mass is completely 
ionised and that the ion and electron temperatures are equal, 
the shock velocity can be inferred from the X-ray tempera- 
ture, 16fcT/(1.83ra p ) « V 2 , where m p is the proton mass, k 
is Boltzmann's constant, and V is the shock velocity. We in- 
fer a shock velocity of V = 300 ± 10 km/s from the MEKAL 
temperature of 110 eV. For an adiabatic SNR, 



Table 2. Radio sources within 8 arcmin of the centre of SNR 
G296.7-0.9: location, 1.4 GHz flux, and angular distance from 
the centre of the remnant. 



0=2000 


#2000 


Sl.4GHz 


Distance 


11:55:06.7 


-63:07:46 


1.0 ± 0.2 mJy 


3.3 arcmin 


11:55:54.4 


-63:13:04 


1.9 ± 0.3 mJy 


6.7 arcmin 


11:56:11.3 


-63:08:26 


1.1 ± 0.4 mJy 


4.5 arcmin 



3.3 Progenitor 

We expect that most SNRs result from t he collapse of a 
mass i ve progenitor near the Ga lactic plane ([Tammann et al.l 
1994; Mc Kee fe Williams! 1 19971 ). Association with a neutron 
star would definitively identify SNR G296.7-0.9 remnant as 
resulting from the core-collapse mechanism. 

We have conducted a search for a pulsar wind nebula 
or pulsar by imaging just the longest five baselines of the 

1.4 GHz ATCA data from both the 6B and 750 A configura- 
tions. The images that results from using uniform weighting 
and the CLEAN deconvolution algorithm has a resolution 
of 6.7 x 4.4 arcsec 2 and the noise level of the total intensity 
image is 0.18 mJybeam -1 . An image of linear polarisation 
was formed by making linear polarisation images for each of 
the 12 channels, then combining them in an error- weighted 
average. 

For a transverse velocity < 10 3 km/s, we would expect a 
compact stellar remnant to be within STigd^" 1 arcmin of its 
birthplace, where Tig is a scaling factor for the true age rel- 
ative to 19 kyrs. There are three sources within 8 arcmin of 
the inferred centre of the remnant that are detected above 5cr 
(0.90 mJybeam -1 ). The positions, primary beam corrected 
flux, and distance from the remnant's centre are presented in 
Table [2] These sources are unresolved and exhibit no linear 
or circular polarisation, nor are they identifiable in X-rays. 
We conclude that there is no evidence for a compact stellar 
remnant above a limit of 0.9 mJybeam -1 . 

3.4 Morphology 

SNR G296.7-0.9 is shell-like with bright, approximately di- 
ametric limbs. Narrow elongated radio structures sim ilar to 
those seen in G46.8+0.3 (HC30; iDubner et aTlll996l ) cross 
the bilateral axis between limbs, and distinct cavities of low 
radio surface brightness protrude into the western limb in 

Fig.ETb). 



i?=l.l 5 (^) (1) 
\n m J 

and thus, 

R = V = 2R/M (2) 

where Eo is the explosion energy, t is the age, m is 
the expectation value of the mass per particle, and no is 
the ambient density. From the shock velocity and reduced 
diameter, we find that SNR G296.7-0.9 has a maximum age 
of (19 ± 4)d 9 kyrs. 



34.1 The Shell 

With our data, we can consider two potential mech- 
anisms for the morphology of SNR G296 .7-0.9: shock- 
compressed ambient magnetic fields (e.g., Ivan der Laanl 
1962; Whi teoak fe Gard ner 1968), and an environment with 
ambi ent density or magnetic field gradients (|Orlando et al.l 
l20Q7h - 

Lines of constant Galactic latitude are inclined at an an- 
gle of 103 deg North through East, with respect to the J2000 
coordinate system shown here. The bilateral axis therefore 
makes an angle of 40 =b 20 deg with respect to the Galac- 
tic plane, which puts SNR G296.7-0.9 near the median of 
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orientation angles found for a set of carefully select ed bi- 
lateral supernova remnants (fig. 12 of iGaenslerl 1 19981 ) . The 
remnant is a sizeable distance, ^140dg pc, from the Galac- 
tic plane, where the magnetic field may not be parallel to 
lines of constant Galactic latitude. If the local magnetic field 
is not aligned with the plane of the Galaxy, the compres- 
sion of ambient magnetic fields could be responsible for the 
bright limbs of the remnant. However, since narrow elon- 
gated structures cross the axis, the magnetic interpretation 
is either not responsible for the bilateral morphology, or it 
is only one of the effects at work in SNR G29 6. 7-0.9. 

The simulations of lOrlando et HI (|2007h with a mag- 
netic field directed along the bilateral axis and a gradient in 
magnetic field strength or density step along the line-of-sight 
reproduce bright limbs and a central filament similar to the 
radio morphology of SNR G296.7-0.9. If SNR G296.7-0.9 is 
either embedded in or adjacent to an Hn region, a gradient 
or step in ambient density along the line-of-sight is plausi- 
ble; additionally, the bulge- like enhancement of radio surface 
brightness in the western limb could be a difference in in- 
tegrated column of radio emission along the two directions. 
This scenario might also contribute to the lack of X-rays 
in the western lobe, provided the ini tial SNR-cloud inter- 
action began subs tantially long ago (|Mac Low et al.lll994l : 
lOrlando et £11 12006). On the other hand, and similar to am- 
bient field compression case, a density or magnetic field gra- 
dient does not explain the southernmost narrow elongated 
structure. 

We note that the directions of the ambient field inferred 
from the mag netic comp r ession mechanism and from simu- 
lations of lOrlando et al.l (|2007r ) are the same. In these in- 
terpretations, the projection of the Galactic field on the sky 
aligns with the bilateral axis of the remnant. 



3.4-2 The Plateau and Arms 

Extensions of low surface brightness protruding near the 
bright arcs of bilateral remnants are observed in sev- 
eral other sources, including 3C 391, G298. 6-0.0, and 
G67. 7 +1.8 (iRevnolds fe Moffettl Il993l : IWhiteoak fe Greenl 
Il996l : iKothes et alJl200d ). In the case of SNR G296.7-0.9, 
we consider three possible causes for these faint features: 
thermal radio emission, a radio halo, and the breakout of 
the shock into a lower density cavity. 

The arms and plateau are not well-detected enough to 
measure their spectral index. However, since there are no 
local excesses of Ka nor 22 fim emission and they are con- 
nected to bright non-thermal emission above the noise levels 
in both Figs.[TJb) and[TJc), we see the possibility that they 
are thermal as unlikely. 

Radio haloes due to the streaming of relativistic 
char ged particles ah e ad of a shock front were postulated 
by lAchterberg et alJ (Il994l). The electron diffusion length 
is, L = Xc/SV (jMoffett fe Reynolds! 1 1994bj ). where A is the 
charged particle mean-free path (MFP) and V is the shock 
speed. Assuming that the shock speed is roughly the same 
everywhere along its edge, differences in diffusion length be- 
tween regions result from differences in the average energy 
of the charged particle distribution, the strength of the mag- 
netic field, or the local amplitude of Alfven waves, 
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Figure 9. 1.4 GHz surface brightness profiles of G296.7-0.9 from 
Fig- Eh). The horizontal dashed line is the 3a level from Fig.[T{b) 
and the vertical dotted lines show the relative positions of the 
inflection point and edge of the remnant, the distance between 
which we use as an estimate of the diffusion length. The top 
panel is the surface brightness profile of a horizontal slice through 
Fig. [TJb) at (52000 = -63:08:22 and the bottom panel is a vertical 
slice through CK2000 = 11:55:49. 



Li ^ J1B2 f SB 2 B 1 cos OA 2 

L 2 ~ 72B1 \B 2 5B! cos 62 J [ j 

where the numerical subscripts indicate different regions, 
is the angle between the shock normal and the upstream 
magnetic field, B, (5B/B) 2 is the amplitude of upstream 
Alfven waves, and 7 is the average Lorentz factor of the 
emitting electrons. 

After creating a profile of the surface brightness at select 
sites, we measure th e diffusion length using the method of 
iMoffett Revnoldsl (p~994a) - by defining the shock front as 
the inflection point of the profile and estimating the distance 
to the edge of the remnant, defined by the 3a contour. The 
shortest diffusion lengths, typically at the northwestern and 
southeastern rim are unresolved. We use the 10a contour to 
define the inner boundary of the diffusion length in regions 
where an inflection point is not obvious; e.g., the arm and 
plateau regions. Given the resolution of the image presented 
in Fig. [TJb), we are able to identify of up to ~6. 

Unless the distance to SNR G296.7-0.9 is significantly 
less than 9 kpc, a radio halo of such a large extent seems 
unlikely given the M FP derived for o t her re mnants; e.g., 
scaling the findings of lAchterberg et all ([l994) to a distance 
of 9 kpc, we would expect A ^ 0.07dg 1 arcsec. The magnetic 
field is not likely to be reduced by greater than a factor of 
two from one synthesised beam to a neighbouring beam. 
Therefore, the final possibility for a radio halo lies in the 0- 
dependence of the diffusion length. If the large-scale ambient 
field is uniform, it is difficult to envision an orientation of 
the remnant that would allow particle streaming only in the 
arms and plateau regions. 

If the plateau is due to the break-out of a shock 
into a lower density medium, the lack of an in- 
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flection point in the surface brightness profile sug- 
gests that cavities in the western limb m ay b e re- 
lated to the plateau. iFulbright &; Reynolds! (|l990l ) and 
iMoffett Reynolds! (jl994eJ ) suggest that by assuming a lin- 
ear gradient of the field from one side of a remnant to the 
other, the ratio of radio surface brightness between two limbs 
is, £ rsj [B2I Bi) 1 ' 2 . Furthermore, under the assumption that 
synchrotron emitting cosmic rays are accelerated to a con- 
stant fraction of post-shock pressure, a gradient in electron 
dens ity implies that f ~ (^/ni) 1 ' 8 ([Reynolds &; Chevalier! 
Il98lh . To examine the possibility that the cavities are due 
to variations in magnetic field strength or shock break-out, 
we use these £ relations under the assumption that they 
hold for smaller scales t han | Fulbright &; Reynolds! ([l990) 
and lMoffett fe Reynolds! (|l994ah proposed. 

The ratio of surface brightness between the cavity and 
its radial or circumferential boundary gives £ ~ 1.6 =b 0.3. 
Therefore, either the magnetic fields or density change by 
about a factor of two from one synthesised beam to the 
next. If the limb brightening of bilateral remnants is due to 
compression of magnetic fields from the interstellar medium, 
which requires the fields to be well-ordered and have a scale 
length at least as large as the length of the bright limb, it 
would be difficult to attribute the small, sharp boundaries 
of the cavities to a local variation in the magnetic field. On 
the other hand, the breakout of a shock from a high density 
region to one of low density could easily provide a factor of 
two in density and the sharp boundary. Moreover, the shock 
breakout conclusion is supported by the low levels of Ha 
emission in the plateau region, and by the boundary of the 
cavities closest to the centre of the remnant being lined by 
8 fim. emission. 

Given the radio surface brightness profiles, Ha, and in- 
fared properties, we propose that the cavities and plateau 
are possibly related by the breakout of the SNR shock into a 
low density medium. In this interpretation, the shock would 
have swept from a dense region with a non-smooth bound- 
ary between the 10 and 30a contours of Fig. [TJb), into a 
very low density region. The shock speed would increase in 
the region of lower density and in time, this higher speed 
could allow the shock to form the faint plateau and arms of 
radio emission that are observed. 



Further study of this remnant would benefit from a long 
integration, high spatial and spectral resolution X-ray obser- 
vation. In particular, modern telescopes could easily perform 
a search for a pulsar, clarify the extent of the X-ray source, 
and place tighter constraints on the mechanism of the X- 
ray emission. Higher frequency radio observations may also 
be useful to examine the polarisation properties of the rem- 
nant. Furthermore, infrared spectra could provide a more 
complete understanding of the filaments and nebula that 
appear to be associated with SNR G296.7-0.9. 
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4 CONCLUSIONS 

Based upon the non-thermal spectral index, existence of lin- 
ear polarisation, and coincidence with an arc of thermal X- 
rays, we confirm that G296.7-0.9 is a supernova remnant. 

A thermal single-dish radio spectrum, radio recombina- 
tion lines and 22 /im emission, in concert with morphological 
similarities between emission in different wavebands suggest 
that this remnant may be co-located with an H II region at 
a distance of 9 =b 2 kpc. We suggest that the most plau- 
sible explanation for the arm-like extensions, plateau, and 
low surface brightness cavities is the breakout of the SNR 
shock from a circumstellar distribution of matter into a lower 
density cavity in the ISM. Two feasible mechanisms for the 
bilateral morphology of SNR G296.7-0.9 suggest that the 
large-scale ambient magnetic field points along the SNR's 
axis of symmetry. We see no evidence for an associated neu- 
tron star or pulsar wind nebula. 
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